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Abstract
We study the rare decays of B+c → D(∗)+q l l¯ (q = d, s and l = νl, e, µ, τ) in the standard
model. The form factors are evaluated in the light front and constituent quark models,
respectively. We find that the decay branching ratios calculated in the two models for
B+c → D+q l l¯ agree well with each other, whereas those for B+c → D∗+q l l¯ are different.
1 Introduction
Recently, the CDF Collaboration has observed the bottom-charm Bc meson at Tevatron
in Fermilab [1, 2]. Its mass and lifetime are given as MBc = 6.40 ± 0.39 GeV and
τBc = (0.46
+0.18
−0.16) × 10−12 s, respectively. The study of the Bc meson is quite interesting
due to the following four main reasons: (i) Bc is the lowest bound state of two heavy
quarks (b and c) with open (explicit) flavor. It can be compared with the hidden (implicit)
flavor (c¯c) charmonium and (b¯b) bottomonium. The hidden-flavor states decay strongly
and electromagnetically whereas the Bc meson does weakly because it is below the BD¯-
threshold. (ii) One may expect that the weak decays of the Bc meson are similar to those
of Bu,d,s mesons. However, the major difference between the weak decay properties of
Bc and Bu,d,s is that those of the latter ones are described very well in the framework
of the heavy quark limit. In this limit the weak decay form factors are blind to the
flavor and spin orientation of the heavy quark. All of them can be expressed through a
single Isgur-Wise function [3]. In the case of Bc, the heavy flavor and spin symmetries
must be reconsidered because both b and c quarks are heavy. Thus the study with the
finite quark mass is a more appropriate way. (iii) There have been many investigations
of rare radiative, leptonic and semileptonic decays of Bu,d,s mesons induced by the flavor-
changing neutral current transitions of b → s, d [4] since the CLEO observation [5] of
b → sγ. More recently, the process of B → Kµ+µ− has been also seen [6] at the Belle
detector in the KEKB e+e− storage ring. In the standard model (SM), these transitions
are forbidden at the tree level and occur only through loop diagrams. The studies are
even more complete if similar decays for Bc are also included, which can be achieved by
introducing the spectator quark of c in the diagrams. In fact, some of the works have
been done and they can be found in Refs. [7, 8, 9, 10]. (iv) It is believed that there are
about 108 − 109 Bc mesons to be produced in future experiments at hadronic colliders
[11], such as the BTeV and LHC-B experiments [12]. In these experiments, most of rare
Bc decays should be accessible.
In this paper, we will concentrate on the rare decays of B+c → D(∗)q ll¯ (q = d, s) due to
the b→ q transitions as shown in Figure 1 in the SM, which have not yet been explored
in the literature. To study their decay rates and branching ratios, we need to calculate
the transition form factors of the vector, axial-vector, and tensor currents, which must be
treated with the non-perturbative method. There are many different candidates for this
purpose, e.g., lattice QCD [13], QCD sum rule [14, 15], and phenomenological models. In
this work, we use the frameworks of two phenomenological models: the light front quark
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model (LFQM) [16, 17] and the constituent quark model (CQM) [18, 19], to evaluate the
form factors.
This paper is organized as follows. In Sec. 2, we calculate the form factors for
B+c → D(∗)+d,s transitions in the LFQM and CQM. In Sec. 3, we study the differential
rates and branching ratios of B+c → P ll¯ and B+c → V ll¯ decays with l = ν, e, µ, τ and
P (V ) = pseudoscalar (vector) meson, respectively. We also compare the results in the
two models. Our conclusions are given in Sec. 5.
2 Formalism and Models
2.1 Matrix Elements
To get the transition matrix elements of B+c → P (V ) with various quark models, we
parametrize them in terms of the relevant form factors as follows:
〈P (p2)| Vµ |Bc(p1)〉 = F+(q2)Pµ + F−(q2)qµ ,
〈P (p2)| Tµνqν |Bc(p1)〉 = 1
mBc +mP
[
q2Pµ − (P · q) qµ
]
FT (q
2) ,
〈V (p2, ǫ)| Vµ ∓ Aµ |Bc(p1)〉 = 1
mBc +mV
[
−iV (q2)εµναβǫ∗νP αqβ
±A0(q2) (P · q) ǫ∗µ ± A+(q2)(ǫ∗ · P )Pµ
±A−(q2)(ǫ∗ · P )qµ
]
,〈
V (p2, ǫ)| (Tµν ± T 5µν)qν |Bc(p1)
〉
= −ig(q2)εµναβǫ∗νP αqβ
±a0(q2) (P · q)
[
ǫ∗µ −
1
q2
(ǫ∗ · q) qµ
]
±a+(q2)(ǫ∗ · P )
[
Pµ − 1
q2
(P · q) qµ
]
, (1)
wheremi (i = Bc, P, V ) are the meson masses, p1(p2) is the momentum of the initial (final)
meson, ǫ is the vector meson polarization vector, P = p1 + p2, q = p1 − p2, Vµ = q¯2γµq1,
Aµ = q¯2γµγ5q1, Tµν = q¯2iσµνq1, T
5
µν = q¯2iσµνγ5q1, and F±,T , V , A0,±, g, and a0,± are the
form factors.
Since the calculations of the transition form factors in Eq. (1) belong to the nonpertur-
bative regime, the phenomenological quark models may be needed. One thing worthwhile
mentioning here is that all of form factors will be studied in the time-like physical meson
decay region of 0 ≤ q2 ≤ (mBc−mP (V ))2. As q2 decreases (corresponding to the increasing
recoil momentum), we have to start considering relativistic effects seriously. In particular,
at the maximum recoil point of q2 = 0 where the final meson could be highly relativistic,
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there is no reason to expect that the non-relativistic quark model is still applicable. A
consistent treatment of the relativistic effects of the quark motion and spin in a bound
state is a main issue of the relativistic quark model.
2.2 LFQM
The LFQM [20, 21] is the relativistic quark model in which a consistent and fully relativis-
tic treatment of quark spins and the center-of-mass motion can be carried out. This model
has many advantages. For example, the light-front wave function is manifestly Lorentz
invariant as it is expressed in terms of the momentum fraction variables (in “+” compo-
nents) in analog to the parton distributions in the infinite momentum frame. Moreover,
hadron spin can also be correctly constructed by using the so-called Melosh rotation. The
kinematic subgroup of the light-front formalism has the maximum number of interaction-
free generators including the boost operator which describes the center-of-mass motion of
the bound state (for a review of the light-front dynamics and light-front QCD, see Ref.
[22]).
The LFQM has been applied to study the heavy-to-heavy and heavy-to-light weak
decay form factors in the timelike region [16, 23]. These calculations are based on the
observation [24] that in the frame where the momentum transfer is purely longitudinal,
i.e., q⊥ = 0, q
2 = q+q− covers the entire range of momentum transfers. The price one
has to pay is that, besides the conventional valence-quark contribution, one must also
consider the non-valence configuration (or the so-called Z graph) arising from the quark-
pair creation in the vacuum. Unfortunately, a reliable way of estimating the Z graph is
still lacking. However, the non-valence contribution vanishes if q+ = 0, and it is supposed
to be unimportant for heavy-to-heavy transitions [16]. In this paper, all of the values
obtained from the LFQM are based on the formulas in Refs. [16, 17]. We note that the
form factors in Eq. (1) depend on the meson (H = q1q¯2) wave functions ΦH . To fix the
parameters in the wave functions, one may use the meson decay constants fH , given by
fH =
√
24
∫
dx d2k⊥
2(2π)3
ΦH(x, k⊥)
A√
A2 + k2
⊥
, (2)
where A = mq1x+mq2(1− x) with mqi being the quark masses and ~k⊥ is the component
of the internal momentum ~k = (~k⊥, kz).
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2.3 CQM
As mentioned in Sec. 1, there are also other theoretical approaches for calculating the
form factors. However, the theoretical uncertainties are large and each of these methods
has only a limited range of applicability. For example, the model with QCD sum rules
gives good results for the form factors at the low q2 region; whereas the lattice QCD
is appropriate only at the high q2 one. In spite of that the quark models can be used
to evaluate the form factors in the full q2 range, they are not closely related to the
QCD Lagrangian and have many input parameters which are not measurable directly.
Therefore, a relativistic constituent quark model is suggested in Ref. [25] which combines
several theoretical methods such as the constituent quark models, QCD sum rules, lattice
QCD calculations, and analytical constrains. This model used the light-cone technique
with the relativistic double spectral representations in the initial and final meson wave
functions. Explicitly, they calculated the form factors at q2 < 0, i.e. the space-like region,
by choosing P⊥ = 0, q+ = 0, and q
2
⊥
= −q2. In order to obtain the form factors in the
q2 > 0 region, in Ref. [25], some modifications from the space-like formulas were used to
get their values in 0 < q2 < (mb −md,s)2. It is known that in the time-like region q2 > 0,
there are the normal and anomalous parts, respectively. The result for the former is the
same as that for q2 < 0, but for the latter it can be ignored for small q2 > 0 and rises
sharply as q2 → (mb −md,s)2.
In this paper, we will evaluate the form factors of B+c → D(∗)+d,s in the CQM by using
the results in Refs. [18, 19]. In the calculations, we first compute the values for the normal
parts in 0 < q2 < (mb − md,s)2 and then fit the data in terms of the double pole form,
given by
Fi(q
2) =
Fi(0)
1 + σ1s+ σ2s2
(3)
where s = q2/m2Bc , Fi(0) are the form factors at q
2 = 0, and σ1,2 are the fitted parameters.
The form factors in the remaining regions of (mb −md,s)2 ≤ q2 ≤ (mBc −mP,V )2 can be
extrapolated from Eq. (3).
2.4 Form factors
As in Refs. [16, 17, 18, 19], in this paper we choose the Gaussian-type meson wave function
for both LFQM and CQM to calculate the form factors, i.e.,
ΦH ∝ exp(−
~k2
2ω2H
) , (4)
4
where ~k and ωH are the internal momentum and the scale parameter of H meson, respec-
tively.
To find the numerical values of the form factors in the two models, we need to specify
the parameters appearing in the wave functions. In the LFQM, we use the decay constants
to constrain the quark masses and ωH in Eq. (4) [16]. However, since the decay constants
of heavy mesons are unknown experimentally, we have to rely on results in other QCD
models such as the lattice QCD. Explicitly, we take [2, 8]
fBc = 360 MeV, fDd = 200 MeV, fD∗d = 250 MeV,
fDs = 230 MeV, fD∗s = 330 MeV, md = 0.25 GeV,
ms = 0.40 GeV, mc = 1.60 GeV, mb = 4.80 GeV, (5)
which fix the scale parameters to be
ωBc = 0.81 GeV, ωDd = 0.46 GeV, ωD∗d = 0.47 GeV,
ωDs = 0.50 GeV, ωD∗s = 0.56 GeV , (6)
respectively. In our calculations, we also take mBc = 6.4 GeV and τBc = 0.46× 10−12 s.
In order to compare the numerical values in the LFQM and CQM, we shall use the same
decay constants, quark masses and scale parameters in both models. We note that in
the LFQM, the light quark masses in Eq. (5) are fixed by using the kaon decay constant
fK = 159.8 MeV and charge radius < r
2
K >= 0.34 fm
2, while in both models a different
set of the heavy quark masses has a little effect on the form factors.
Based on the parameters in Eqs. (5) and (6), we show the q2 dependences of the form
factors for B+c → D(∗)+ and B+c → D(∗)+s in Figures 2 and 3, respectively. The numerical
results for the form factors at q2 = 0 are listed in Table 1. From the table, we see that the
values of the form factors at q2 = 0 in the LFQM and CQM agree well with each other
except A±(0). However, as shown in Figures 2 and 3, the results at large q
2 in the two
models are quite different.
3 Decay rates and branching ratios
In the SM, the contributions to the rare decays of B+c → D(∗)+d,s ll¯ arise from the W -box
and Z(γ)-penguin diagrams as seen in Figure 1. The effective Hamiltonians of b → qνν¯
(q = s, d) are given by [26]
H = GF√
2
αem
2πsin2θW
λtD (xt) b¯γµ (1− γ5) qν¯γµ (1− γ5) ν (7)
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Table 1: Form factors for B+c → D(∗)+d,s transitions at q2 = 0 in LFQM and CQM models,
where F±,T are for B
+
c → P+ (P = D,Ds) and V,A0,±, g and a0,+ for B+c → V + (V =
D∗, D∗s), respectively.
B+c → D(∗)+ B+c → D(∗)+s
LFQM CQM LFQM CQM
Fi(0) Fi(0) σ1 σ2 Fi(0) Fi(0) σ1 σ2
F+ 0.126 0.123 −3.35 3.03 0.165 0.167 −3.40 3.21
F− −0.141 −0.130 −3.63 3.55 −0.186 −0.166 −3.51 3.38
FT −0.199 −0.186 −3.52 3.38 −0.258 −0.247 −3.41 3.30
V −0.208 −0.198 −3.63 3.65 −0.336 −0.262 −3.49 3.51
A0 −0.198 −0.198 −2.81 2.53 −0.330 −0.280 −2.66 2.24
A+ 0.079 0.108 −3.12 2.94 0.118 0.144 −2.99 2.95
A− −0.098 −0.185 −3.45 3.54 −0.130 −0.246 −3.34 3.46
g 0.130 0.124 −3.63 3.65 0.214 0.167 −3.45 3.29
a0 0.130 0.124 −2.82 2.53 0.214 0.167 −2.63 2.23
a+ −0.130 −0.124 −3.31 3.14 −0.214 −0.167 −3.16 3.13
where GF is the Fermi constant, xt ≡ m2t/m2W , λt = VtbV ∗tq is the product of the CKM
elements, and the mt dependent function of D (xt) can be found in Refs. [27, 28].
The effective Hamiltonians of b→ ql+l− (q = s, d) are given by [26]
H = GFαemλt√
2π
[
C8(µ)s¯LγµbL l¯γ
µl + C9s¯LγµbL l¯γ
µγ5l − 2mbC7(µ)
q2
s¯Liσµνq
νbR l¯γ
µl
]
(8)
where C8(µ), C9 and C7(µ) are Wilson coefficients (WCs) and their expressions can be
found in Ref. [28] for the SM. We note that C9 is free of the µ scale. Besides the short-
distance (SD) contributions, the main effect on the decays is from cc¯ resonant states such
as Ψ and Ψ′, i.e., the long-distance (LD) contributions. To including the LD effect, in
Eq. (8) we replace C8(µ) by C
eff
8 (µ) [28, 29], given by
Ceff8 (µ) = C8(µ) + (3C1 (µ) + C2 (µ))

h (x, s) + 3
α
∑
j=Ψ,Ψ′
kj
πΓ (j → l+l−)Mj
q2 −M2j + iMjΓj

 , (9)
where we have neglected the small WCs, and h(x, s) describes the one-loop matrix ele-
ments of operators O1 = s¯αγ
µPLbβ c¯βγµPLcα and O2 = s¯γ
µPLb c¯γµPLc [28], Mj (Γj) are
the masses (widths) of intermediate states, and kj = −1/ (3C1 (µ) + C2 (µ)) [29].
From Eqs. (7) and (8), the differential decay rates for B+c → Hll¯ (H = P, V ) are
found to be [30, 31]
dΓ (B+c → Pνν¯)
ds
=
G2Fm
5
Bc|λt|2α2em|D (xt) |2
28π5sin4θW
|F+|2 φ
3
2
H , (10)
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dΓ (B+c → V νν¯)
ds
=
3G2Fm
5
Bc |λt|2α2em|D (xt) |2
28π5sin4θW
φ
1
2
H
[
sα1 +
φH
3
β1
]
, (11)
dΓ (B+c → P l+l−)
ds
=
G2F |λt|2m5Bcα2em
3 · 29π5 vφ
1
2
H
[(
1 +
2t
s
)
φHα2 + 12tβ2
]
, (12)
and
dΓ (B+c → V l+l−)
ds
=
G2Fm
5
Bc|λt|2α2em
29π5
vφ
1
2
H
[(
1 +
2t
s
)(
sα3 +
φH
3
β3
)
+ 4tδ
]
, (13)
respectively, where s = q2/m2Bc , t = m
2
l /m
2
Bc , rH = m
2
H/m
2
Bc , v =
√
1− 4t/s, and the
expressions of φH , αi, βi [30] and δ [31] are given in Appendix.
By using the form factors of the LFQM and CQM in Figures 2 and 3, Eqs. (10)-(13),
and |λt| = |VtbVtq| = 0.041 (0.008) for q = s (d) [32], we now estimate the numerical values
of the decay rates for B+c → D(∗)+d,s νν¯ and B+c → D(∗)+d,s l+l−. Our results for the differential
decay branching ratios as a function of s are shown in Figures 4-9, respectively. Here,
for the charged lepton modes, we have presented our studies both with and without long-
distance contributions. We note that the results for the electron modes are the same as
the corresponding muon ones. We also note that the at the large q2 region, all the rates
in the figures decrease because φH go to zero as q
2 → (mb−md,s)2. We emphasize that all
our numerical predictions should be viewed as central values and their errors depend on
the uncertainties from the corresponding meson decay constants and constituent quark
masses as well as the CKM parameters.
The decay branching ratios of B+c → D(∗)+d,s νν¯ and B+c → D(∗)+d,s l+l− (l = µ, τ) are
summarized in Tables 2 and 3, respectively, where LD effects for the charged lepton
modes are not included. With the LD effects, we introduce some cuts close to q2 = 0 and
around the resonances of J/ψ and ψ′ and study the three regions as follows
I :
√
q2min <
√
q2 < MJ/ψ − 0.20 ;
II : MJ/ψ + 0.04 <
√
q2 < Mψ′ − 0.10 ;
III : Mψ′ + 0.02 <
√
q2 < mBc −mP,V , (14)
where
√
q2min = 2ml and 0.5 GeV for B
+
c → D+d,sl+l− and B+c → D∗+d,sl+l−, respectively.
In Table 4, we present the decay branching ratios in terms of the regions shown in Eq.
(14).
As seen from Figures 4-9 and Tables 2-4, the branching ratios of B+c → D+d,sll¯ in the
LFQM and CQM are agree very well, while the results of B+c → D∗+d,sll¯ in the LFQM are
larger than those in the CQM but the differences are at the 20% level.
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Table 2: Decay branching ratios of B+c → D(∗)+d,s νν¯.
LFQM CQM
108Br(B+c → D+νν¯) 2.77 2.74
108Br(B+c → D∗+νν¯) 7.64 5.99
106Br(B+c → D+s νν¯) 0.92 0.92
106Br(B+c → D∗+s νν¯) 3.12 2.12
Table 3: Decay branching ratios of B+c → D(∗)+d,s l+l− without including LD effects.
without LD
Decay Mode LFQM CQM
108Br(B+c → D+µ+µ−) 0.41 0.40
108Br(B+c → D∗+µ+µ−) 1.01 0.79
108Br(B+c → D+τ+τ−) 0.13 0.12
108Br(B+c → D∗+τ+τ−) 0.18 0.14
107Br(B+c → D+s µ+µ−) 1.36 1.33
107Br(B+c → D∗+s µ+µ−) 4.09 2.81
107Br(B+c → D+s τ+τ−) 0.34 0.37
107Br(B+c → D∗+s τ+τ−) 0.51 0.41
Finally, we remark that in our calculations on B+c → D∗+q l+l− (q = d, s), we have not
included the contributions from the weak annihilation accompanied by a photon emission
which are dominant in the decays of B+c → D∗+q γ [9]. However, they are only important
at low s and the cut at
√
q2min in Eq. (14) should reduce the contributions from the virtual
photon diagrams.
4 Conclusions
We have studied the rare Bc decays of B
+
c → D(∗)+d,s νν¯ and B+c → D(∗)+d,s l+l−
(l = e, µ, τ). In our analysis, we have used the form factors of B+c → D(∗)+d,s
transitions calculated in the LFQM and CQM. We have found that Br(B+c →
D+l l¯) (l = ν, e, µ, τ)= (2.77, 0.41, 0.41, 0.13) and (2.74, 0.40, 0.40, 0.12)× 10−8, Br(B+c →
D+s l l¯)=(9.2, 1.36, 1.36, 0.34) and (9.2, 1.33, 1.33, 0.37) × 10−7, Br(B+c → D∗+l l¯)=
(7.64, 1.01, 1.01, 0.18) and (5.99, 0.79, 0.79, 0.14) × 10−8, and Br(B+c → D∗+s l l¯)=
(31.2, 4.09, 4.09, 0.51) and (21.2, 2.81, 2.81, 0.41)× 10−7, in the two models, respectively.
Clearly, some of the above rare Bc decays can be measured at the BTeV and LHC-B
experiments.
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Table 4: Decay branching ratios of B+c → D(∗)+d,s l+l− with LD effects and the cuts.
with LD
regions I II III I+II+III
Decay Mode LFQM CQM LFQM CQM LFQM CQM LFQM CQM
109Br(B+c → D+µ+µ−) 1.48 1.40 0.75 0.73 1.09 1.07 3.31 3.20
109Br(B+c → D∗+µ+µ−) 2.17 1.55 1.81 1.49 3.78 2.95 7.75 5.98
109Br(B+c → D+τ+τ−) −− −− 0.02 0.01 1.03 0.94 1.05 0.95
109Br(B+c → D∗+τ+τ−) −− −− 0.02 0.02 1.30 1.02 1.33 1.03
108Br(B+c → D+s µ+µ−) 5.89 5.83 2.57 2.47 2.69 2.66 11.15 10.96
108Br(B+c → D∗+s µ+µ−) 11.90 6.80 8.30 5.78 11.18 8.58 31.38 21.16
108Br(B+c → D+s τ+τ−) −− −− 0.05 0.05 2.67 2.95 2.72 3.00
108Br(B+c → D∗+s τ+τ−) −− −− 0.10 0.08 3.31 2.73 3.41 2.80
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Appendix
The parameters of φH , αi, βi (i = 1, 2, 3) and δ in Eqs. (10)-(13) are defined by
φH = (1− rH)2 − 2s (1 + rH) + s2, (15)
α1 = (1−√rH)2 |A0|2 + φH
(1 +
√
rH)2
|V |2 ,
β1 =
(1−√rH)2
4rH
|A0|2 − s
(1 +
√
rH)2
|V |2 + φH |A+|
2
4rH(1 +
√
rH)2
+
1
2
(
1− s
rH
− 1
)
1−√rH
1 +
√
rH
Re(A0A
∗
+) , (16)
α2 =
∣∣∣∣∣Ceff8 F+ − 2mˆbC7FT1 +√rH
∣∣∣∣∣
2
+ |C9F+|2 ,
β2 = |C9|2
[(
1 + rH − s
2
)
|F+|2 + (1− rH)Re(F+F ∗−) +
1
2
s|F−|2
]
, (17)
α3 = (1−√rH)2


∣∣∣∣∣Ceff8 A0 − 2mˆbC7(1 +
√
rH)a0
s
∣∣∣∣∣
2
+ |C9A0|2


+
φH
(1 +
√
rH)2


∣∣∣∣∣Ceff8 V − 2mˆbC7(1 +
√
rH)g
s
∣∣∣∣∣
2
+ |C9V |2

 ,
β3 =
(1−√rH)2
4rH


∣∣∣∣∣Ceff8 A0 − 2mˆbC7(1 +
√
rH)a0
s
∣∣∣∣∣
2
+ |C9A0|2


− s
(1 +
√
rH)2


∣∣∣∣∣Ceff8 V − 2mˆbC7(1 +
√
rH)g
s
∣∣∣∣∣
2
+ |C9V |2


+
φH
4rH(1 +
√
rH)2


∣∣∣∣∣Ceff8 A+ − 2mˆbC7(1 +
√
rH)a+
s
∣∣∣∣∣
2
+ |C9A+|2


+
1
2
(
1− s
rH
− 1
)
1−√rH
1 +
√
rH
Re
{[
Ceff8 A0 −
2mˆbC7(1 +
√
rH)a0
s
]
×
[
Ceff8 A+ −
2mˆbC7(1 +
√
rH)a+
s
]
+ |C9|2Re(A0A∗+)
}
, (18)
and
δ =
|C9|2
2(1 +
√
rH)2
{
−2φH |V |2 − 3(1− rH)2|A0|2 + φH
4rH
[2(1 + rH)− s] |A+|2
+
φHs
4rH
|A−|2 + φH(1− rH)
2rH
Re
(
A0A
∗
+ + A0A
∗
−
+ A+A
∗
−
)}
, (19)
respectively, where mˆb = mb/mBc .
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Figure Captions
Figure 1: One-loop diagrams for the short-distance contributions to the decays of B+c →
D(∗)+q ll¯ (q = d, s) in the SM.
Figure 2: Form factors of (a) F±,T for B
+
c → D+, and (b) V and A0, (c) A±, and (d) g
and a0,+ for B
+
c → D∗+. The solid and dashed courves stand for the results
from the LFQM and CQM, respectively.
Figure 3: Same as Figure 2 but replacing D(∗) by D(∗)s .
Figure 4: Differential decay branching ratios as a function of s = q2/m2Bc for (a) B
+
c →
D+νν¯ and (b) Bc → D∗νν¯. Legend is the same as Figure 2.
Figure 5: Same as Figure 4 but for (a) B+c → D+s νν¯ and (b) B+c → D+∗s νν¯.
Figure 6: Same as Figure 4 but for (a) B+c → D+µ+µ− and (b) B+c → D+τ+τ−.
The curves with and without resonant shapes represent including and non-
including LD contributions, respectively.
Figure 7: Same as Figure 6 but for (a) B+c → D+s µ+µ− and (b) B+c → D+s τ+τ−.
Figure 8: Same as Figure 6 but for (a) B+c → D∗+µ+µ− and (b) B+c → D∗+τ+τ−.
Figure 9: Same as Figure 6 but for (a) B+c → D∗+s µ+µ− and (b) B+c → D∗+s τ+τ−.
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Figure 1: One-loop diagrams for the short-distance contributions to the decays of B+c →
D(∗)+q ll¯ (q = d, s) in the SM.
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Figure 2: Form factors of (a) F±,T for B
+
c → D+, and (b) V and A0, (c) A±, and (d)
g and a0,+ for B
+
c → D∗+. The solid and dashed curves stand for the results from the
LFQM and CQM, respectively.
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Figure 3: Same as Figure 2 but replacing D(∗) by D(∗)s .
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Figure 4: Differential decay branching ratios as a function of s = q2/m2Bc for (a) B
+
c →
D+νν¯ and (b) B+c → D∗νν¯. Legend is the same as Figure 2.
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Figure 5: Same as Figure 4 but for (a) B+c → D+s νν¯ and (b) B+c → D+∗s νν¯.
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Figure 6: Same as Figure 4 but for (a) B+c → D+µ+µ− and (b) B+c → D+τ+τ−.
The curves with and without resonant shapes represent including and non-including LD
contributions, respectively.
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Figure 7: Same as Figure 6 but for (a) B+c → D+s µ+µ− and (b) B+c → D+s τ+τ−.
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Figure 8: Same as Figure 6 but for (a) B+c → D∗+µ+µ− and (b) B+c → D∗+τ+τ−.
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Figure 9: Same as Figure 6 but for (a) B+c → D∗+s µ+µ− and (b) B+c → D∗+s τ+τ−.
